Ionic polymer-metal composites ͑IPMCs͒ consist of a perfluorinated ionomer membrane ͑usually Nafion ® or Flemion ® ͒ plated on both faces with a noble metal such as gold or platinum and neutralized with the necessary amount of counterions that balance the electrical charge of anions that are covalently fixed to the backbone ionomer. IPMCs are electroactive materials with potential applications as soft actuators and sensors. Their electrical-chemical-mechanical response is dependent on the cations used, the nature and the amount of solvent uptake, the morphology of the electrodes, the composition of the backbone ionomer, the geometry and boundary conditions of the composite element, and the magnitude and spatial and temporal variations of the applied potential. Our most recent experimental results show that solvents can have profound effects on the nature of the IPMCs' actuation. For example, we have discovered experimentally that Nafion-based IPMCs in Li + -form show very small back relaxation when hydrated, but extensive back relaxation with all other solvents that we have considered. On the other hand, the same membrane in the K + -form has extensive back relaxation when solvated with water, ethylene glycol, or glycerol, but none with 18-Crown-6. In the present paper, we seek to model the IPMCs' actuation and compare results with the experimental data. The modeling rests on the observation that a sudden application of a step potential ͑dc͒ of several volts ͑1-3 V͒ alters the distribution of cations within the ionomer, forcing cations out of the clusters near the anode and additional cations into the clusters near the cathode. The clusters within a thin boundary layer near the anode are thus depleted of their cations, while cations accumulate in the clusters near the cathode boundary layer. We first seek to determine the spatial and temporal variations of the cation distribution across the thickness of the IPMC for various cations and solvents, using an implicit finite difference numerical solution of the basic field equations, and compare the results with those of approximate analytical estimates. Based on this information, we then calculate the changes in the osmotic, electrostatic, and elastic forces that tend to expand or contract the clusters in the anode and cathode boundary layers. Finally, we calculate the amount of solvent out of or into the clusters that produces the bending motion of the cantilever. Comparing the model results with those of experimental measurement, we have arrived at remarkably good agreements. Indeed, our nanoscale-based model correctly predicts the unexpected influence of solvents on the actuation of IPMCs.
I. INTRODUCTION
Ionic polymer-metal composites ͑IPMCs͒ are electroactive materials with potential applications as actuators and sensors. 1 When a cantilevered IPMC sample is subjected to a suddenly applied potential ͑dc͒ of several volts ͑1-3 V͒, the electric field alters the distribution of cations within the ionomer, forcing them to move from the anode towards the cathode. The clusters within a thin boundary layer near the anode are thus depleted of their cations, while cations accumulate in the clusters near the cathode boundary layer. The distribution of cations under an applied potential may be modeled using the Nernst-Planck equation to define the flux of species under electrochemical potential diffusion and the Poisson equation to relate the concentration of species to the electric field. In this manner the approximate analytical solution of Nemat-Nasser 2 can be checked and improved, arriving at a better prediction of the experimentally observed cation transfer as a function of time.
An efficient computer algorithm has been developed 3 for numerical simulation of membrane transport based on the Nernst-Planck and Poisson equations, and using an implicit finite-difference method. In this work, we follow a similar methodology and find the spatial and temporal variations of cations within an IPMC sample that is subjected to an electric potential. Then, based on the knowledge of the cation imbalance within the clusters ͑but not in the IPMC͒, we calculate the changes in the osmotic, electrostatic, and elastic forces that tend to expand or contract the corresponding clusters. From this we calculate the amount of solvent out of or into the clusters, and predict the resulting bending motion of the cantilever.
II. MICROSTRUCTURE AND PROPERTIES

A. Composition and properties
IPMCs are electroactive materials with potential applications as actuators and sensors. 1 An IPMC consists of a perfluorinated backbone ionomer ͓usually Nafion ® or Flemion ® ; ͑CF 2 CF͒ m ͑CF 2 CF 2 ͒ n ; see Fig. 1͔ plated on both faces with noble metals such as platinum, platinum and gold, or gold, and neutralized with the necessary amount of counterions that balance the electric charge of the anions covalently bonded to the ionomer. 4 The electrical-chemical-mechanical response of the IPMCs depends on the neutralizing cation, the nature of the solvent and its degree of saturation, the electrode morphology, and the chemical structure and characteristics of the backbone ionomer.
B. Actuation of IPMCs
When a thin strip of an IPMC membrane in the solvated state is subjected to a suddenly imposed and sustained constant electric potential ͑dc͒ of several volts ͑1-3 V͒, it bends towards the anode. For Nafion-based IPMCs that are neutralized with alkali metal cations and solvated by water, ethylene glycol, or glycerol, the strip then slowly relaxes back towards the cathode, while still under electric potential. 2, [4] [5] [6] The sample eventually reaches an equilibrium state ͑while the electric potential is still on͒, which is generally far from its initial equilibrium position. If the electric potential is removed as the two electrodes are shorted, the Nafion-based IPMC sample ͑under the above-mentioned conditions͒ displays a relatively fast bending deformation towards the cathode and then slowly relaxes back towards the anode, seldom attaining its initial state. Experimental observations 7 for Flemion-based IPMCs show that the initial actuation towards the anode is followed by slower relaxation in the same ͑i.e., towards the anode͒ direction. Hence, unlike Nafion-based IP-MCs no back relaxation has been detected for Flemion-based IPMCs, in experiments conducted so far.
Thus, with water, ethylene glycol, or glycerol as solvents, the actuation of the Nafion-based IPMCs has essentially the same qualitative character, the basic difference being the speed of actuation which directly correlates with solvent viscosity. With crown ethers, on the other hand, we discovered experimentally 6 that there may be a remarkable qualitative change in the actuation, depending on the cation and the crown ether. For example, Nafion-based IPMCs in Li + -form show only a small relaxation towards the cathode with water, but with ethylene glycol, glycerol, or 12-Crown-4 they show extensive back relaxation towards the cathode after an initial small actuation towards the anode. In the K + -form, on the other hand, the Nafion-based IPMC shows extensive back relaxation for water, ethylene glycol, or glycerol, but no backward relaxation for the 18-Crown-6, for which the relaxation is then in the direction of the initial actuation, namely, towards the anode. Similarly, back relaxations are observed for Na + -form IPMCs with water, ethylene glycol, glycerol, and 18-Crown-6, but not with 15-Crown-5 as solvent. In the case of 18-Crown-6, the initial bending towards the anode is followed by back relaxation towards the cathode, as occurs ͑at different speeds͒ when water, ethylene glycol, or glycerol is used for the solvent. Our nanoscale model correctly predicts all these results, as is summarized and illustrated in this paper.
C. Micro-mechanisms of Actuation
The basic idea underpinning the actuation modeling is that the application of an electric potential produces two thin boundary layers, one near the anode and the other near the cathode electrodes. As a result, the clusters in the anode boundary layer are gradually depleted of their cations, while those in the cathode boundary layer are gradually supplied with additional cations. The cation imbalance within the clusters ͑but not in the IPMC͒ changes the osmotic, electrostatic, and elastic forces that tend to expand or contract the corresponding clusters, forcing the solvents out of or into the clusters, and thus produces the bending motion of the cantilever. Therefore, in this model, the volume fraction of the solvent within each boundary layer is assumed to be controlled by the effective pressure in the corresponding clusters produced by the osmotic, electrostatic, and elastic forces.
D. Some basic characteristic parameters
An important parameter that characterizes an ionomer is its ion content, defined by
where EW H + is the equivalent weight of dry Nafion polymer in H + -form, which for Nafion 117 is almost 1100 g / mol ͑ion exchange capacity of 1 / 1100= 0.99 meq g −1 ͒. FW ion is the formula weight of the cation used, and SF accounts for the metal plating, being the ratio of the dry backbone polymer mass to the total mass of the IPMC sample. For the bare polymer ͑no metal plating͒, SF=1. Another characteristic of a solvated sample is the solvent uptake that affects both the stiffness and the actuation behavior of the material. Solvent uptake is defined as the ratio of the volume of the absorbed solvent to the volume of the dry IPMC sample,
where V s is the volume of the absorbed solvent, V d is the volume of the dry sample, s is the density of the solvent, 064310-2 S. Nemat-Nasser and S. Zamani J. Appl. Phys. 100, 064310 ͑2006͒ m total is the total mass of the sample in the solvated form, and m d is the mass of the dry sample. The concentration of anions in the bare membrane,C − , is the number of anions ͑in mole͒ per unit volume ͑in cm 3 ͒ of the solvated sample, defined by
where d is the dry density of the IPMC sample.
III. MODELING OF STIFFNESS VERSUS SOLVATION
A dry sample of a bare polymer or an IPMC in a solution absorbs the solvent until the resulting pressure within the clusters is balanced by the elastic stresses that are consequently developed within its backbone polymer membrane. From this observation, we calculate the stiffness of the membrane as a function of the volume fraction of the solvent uptake for various cations. We first consider the balance of cluster pressure and elastic stresses for the bare polymer ͑no metal plating͒ to calculate the stiffness of the bare membrane for a given solvent uptake. Then we use the results to calculate the stiffness of the corresponding IPMC by including the effect of the added metal electrodes. The procedure also provides a way of estimating the microstructural parameters that are needed for modeling the actuation of IPMCs. For Nafionbased IPMCs, the overall stiffness of both the bare membrane and the corresponding IPMC has been measured directly as a function of the degree of solvation. Therefore, the results can be subjected to experimental verification.
The pressure developed within the cluster, p c , can be shown 2 to be given by
where is the practical osmotic coefficient, ␣ is the effective length of the dipole, F is the Faraday constant, is the cation-anion valence ͑ = 2 for monovalent cations͒, R = 8.314 J / mol/ K is the universal gas constant, T = 300 K is the test ͑room͒ temperature, B is the density of the bare ionomer, and e is the effective permittivity. Furthermore, from the balance of the elastic resistance of the membrane against the cluster expansion and the cluster pressure, it is shown that the stiffness, K͑w͒, of the bare polymer can be estimated as follows: 2 K = p c 1 + w w 0 I n − ͑w 0 /w͒ 4/3 ,
where n 0 and w 0 are the initial ͑dry͒ porosity and initial void ratio, respectively. The IPMC stiffness, Ȳ IPMC , is now given by
where f M is the volume fraction of the metal plating in a dry sample, Y M and Y B are Young's moduli of the metal plating and bare ionomer, respectively, M is the density of the metal plating, and A B is the concentration factor that accounts for the contribution of the bare ionomer in carrying the average overall stress within the sample.
To estimate e , the effective cluster electric permittivity, as a function of the solvent uptake w, note that solvent molecules are polar. As part of the solvation shell of an ion, a polar solvent has a dielectric constant of, say, 1 , whereas as free molecules its dielectric constant is much larger, say, 2 , both at room temperature. To estimate the solvent dielectric constants in bulk and as a part of the solvation shell, we use the following equation: 8
where M solvent is the solvent's molecular weight, n is its refractive index, E is the applied electric field, m is the dipole moment, k is Boltzmann's constant, and L is the Langevin function defined by
The refractive index n and the dipole moment m of the solvents under study are given in Table I ; data from Ref. 9 . The calculated dielectric constants are shown in Table II .
To find the number of moles of cations within a given sample of bare ionomer, we use the measured solvent uptake w, sample length L, width w d , thickness 2H, and its dry density d . For example, for a sample in K + -form with FW ion = 39 g / mol, w = 1.47, L = 2.6982 cm, w d = 0.2509 cm, 78.4 46.5 41.0 2H = 0.0178 cm ͑resulting in 1.18ϫ 10 −8 cm 3 for volume͒, and d = 2.07 g / cm 3 , the cation content in moles then is
In the solution of 4.2 g of 18CR6 ͑m 18CR6 = 4.2 g͒ and 10 ml of glycerol ͑V G =10 ml͒ ͑see Nemat-Nasser et al. 6 for details on preparation of the crown ether solutions͒, the moles of glycerol, x G , are given by
where M G represents the molecular weight of the glycerol. We calculate moles of crown, say, x 18CR6 , to be
Using ͑11͒ and ͑12͒, we obtain
We assume that the same ratio holds in the backbone ionomer. The total weight change due to the solvation is given by
Using Eq. ͑13͒, the moles of glycerol, y G , and 18CR6, y 18CR6 , within the sample are y G = 1.7 ϫ 10 −4 , y 18CR6 = 1.9 ϫ 10 −5 . ͑15͒
Then, the mole of solvent per mole of ion is
x C Ӎ 0.9 moles of 18CR6 mole of cation .
The above calculation shows that 90% of the cations is embraced by the crown ether. Therefore, the rest of the cations ͑10%͒ and all the anions are surrounded by the glycerol through their solvation shell. A similar procedure for 12CR4 and 15CR5 yields y G x C = 8 moles of glycerol mole of cation , ͑17͒ y 15CR5
x C = 0.9 moles of 15CR5 mole of cation ,
x C = 0.9 moles of 12CR4 mole of cation .
Let CN be the static solvation shell of the cation ͑which equals its corresponding coordination number͒, m w be the number of moles of solvent per mole ion ͑cation and anion͒ within a cluster, and note that
We use = 2 for water, ethylene glycol, and glycerol, but we use = 1.1 for crown ether solutions, since, in those cases, only 10% of the cations are solvated by glycerol.
Hence, when the amount of solvent ͑in moles͒ per ion within a cluster is less than the coordination number CN of that ion, we set e = 1 0 , where 0 = 8.85ϫ 10 −12 F / m is the electric permittivity of free space. On the other hand, when m w ജ CN then we calculate e = e ͑w͒ as follows ͑see Nemat-Nasser 2 for details͒:
To estimate the parameter ␣ 2 in ͑4͒, first we assume that it varies linearly with w for m w Ͻ CN, i.e., we set
and estimate the coefficients a 1 and a 2 from the experimental data using two measured values of the stiffness. The results are listed in Tables III-V. For m w ജ CN, furthermore, we assume that the pseudodipole length is controlled by the electric permittivity of its environment, given by ͑in m 2 ͒ ␣ 2 = 10 −20 ͩ e 1 ͪ 2 ͑a 1 w + a 2 ͒. ͑22͒ 
In a series of experiments, the extensional Young modulus Y B of strips of bare Nafion in various cation forms has been measured as a function of the solvent uptake w. The solvated membrane is assumed to be incompressible. For small axial strains ͑i.e., less than 1%͒, therefore, the Young modulus Y B of the solvated strip of bare polymer relates to the stiffness K by 
IV. IPMC ACTUATION
A. Tip displacement
We assume that, in response to changes in the cluster's effective pressure, the solvent will diffuse into and out of the clusters until the elastic resistance of the matrix polymer in the boundary layers balances the internal cluster pressure. The resulting strains are called eigenstrains. For a cantilevered sample in pure bending, the radius of curvature R b is related to the maximum bending strain max by
where H is half of the IPMC sample thickness ͑see Fig. 14͒ . The volumetric strain v is given by
Relating the bending due to the volumetric strain to the bending resistance of the sample, the radius of curvature R b as a measure of actuation, becomes
where h is the thickness of the bare ionomer, L is the cantilever's length, Y BL ͓w͑x , t͔͒ is the boundary layer's Young's modulus, x measures the distance along the cross section of the strip from its midpoint, as shown in Fig. 14, and a strip of unit width is considered.
B. Voltage-induced cation redistribution
The redistribution of cations under an applied potential is modeled using the coupled electrochemical equations that characterize the net flux of the species, caused by the electrochemical potentials ͑chemical concentration and electric field gradients͒. The total flux consists of cation migration and solvent transport. Cation migration is assumed to occur first, followed by the diffusion-controlled solvent transport. The flux J i of species i is characterized by [10] [11] [12] 
where D i is the diffusivity coefficient, i is the chemical potential, C i is the concentration, and i is the velocity of species i. The chemical potential is defined by
where 0 is the reference chemical potential, ␥ i is the affinity of species i, z i is the species charge, and is the electric potential. We assume an ideal solution where ␥ i = 1 and, since there is only one type of cation, drop the subscript i and rewrite ͑27͒ as
where D, C, and z are the ionic diffusivity coefficient, concentration, and charge of the cations, respectively. The variation in the electric potential field, = ͑x , t͒, in the membrane is governed by the basic Poisson electrostatic equations, 13, 14 ‫͑ץ‬E͒
where E and are the electric field and the electric permittivity, respectively. Now, since the solvent velocity is very small, we may neglect the last term in ͑29͒ and, in view of ͑30͒ and continuity, obtain
͑33͒
Here is the overall electric permittivity of the solvated IPMC sample that can be estimated from its measured effective capacitance. The above system of equations can be directly solved numerically, or they can be solved analytically using approximations. In the following sections, both methods are considered and the results are presented and compared.
Finite-difference solution of cation transport
An efficient finite-difference simulation procedure for the solution of the steady-state and transient versions of the Nernst-Planck and Poisson system of equations is used, following Brumleve and Buck. 3 This allows for both spatial and temporal variations. The resulting implicit and nonlinear equations are solved using an iterative Newton-Raphson technique. 15 Equations ͑31͒, ͑32͒, and ͑3͒ are converted into finite-difference form as follows: 
The physical parameters in Eqs. ͑34͒-͑36͒ are rendered dimensionless as follows:
where the length ᐉ is defined later on by Eqs. ͑45͒. Substituting ͑34͒ in ͑35͒ and using ͑30͒ to relate the electric field to the electric potential, we obtain
To improve efficiency, the resulting equations are solved using smaller time steps ⌬tЈ at the start of the actuation, and larger ⌬tЈ at later times. Similarly, smaller grid spacing is used close to the electrodes, and larger ones near the center of the membrane. The values of the ion concentration and the electric potential are defined at the center of the grids ͑separated by ⌬XB͒, while those of the electric field are defined at their boundaries ͑separated by ⌬XB͒. The finite-difference spatial mesh is illustrated in Fig. 15 . To simulate the transient response, very small time steps are used.
Equations ͑39͒ and ͑41͒ guarantee zero cation flux into and out of the membrane. Also, the electric potential at the two ends are prescribed by
where 0 is the applied potential. To apply the Newton-Raphson method to the problem at hand, we recast Eqs. ͑39͒-͑42͒ in the following difference form: 15 . Typical simulation grid showing the location of the concentration, electric potential, and electric field; E 0 , 1 , and C 1 are defined at the left interface, and E N , N , and C N at the right interface. Throughout the rest of the grid, the concentration and electric potential are defined at the center of each volume element and electric fields are defined at its boundaries.
The results for the cation transfer for a Nafion-based IPMC in Li + -form and with water as the solvent, under a dc electric potential 0 of 1.25 V are shown in Figs. 16 and 17 , which show the variation of the normalized charge density Q͑x , t͒, Q͑x , t͒ = ͓C͑x , t͒ / C − ͔ − 1, through the thickness of the IPMC sample at indicated instants. In the simulation, it is assumed that ⌬XM j = ⌬XB j , j =2,3, ... ,N − 1, and 40 elements are used within 1 / 7 of the sample thickness at each end. For the rest of the ionomer cross section close to the center, we have used 40 elements. For the time steps, we have used 1 ms for t Ͻ IT and 1 s thereafter until the steadystate solution is reached; for the simulation results that are discussed in what follows, IT = 150 has been used.
The results suggest that the boundary layers initially form antisymmetrically, and then become nonsymmetric. The anode boundary layer forms gradually, although the time scale for this formation is small ͑0.25 s for the example dis-cussed͒. This matches the experimental results shown in Fig.  18 . The effective permittivity is calculated to be 0.0269 F / m, based on the measured effective capacitance of 11.9 mF/ cm 2 , and C − is calculated to be 1185 mol/ m 3 , based on the solvent uptake of 53% for the bare ionomer.
Nemat-Nasser and Li 5 assumed an antisymmetric cation distribution along the sample and showed that it then must have the following form:
͑45͒
Nemat-Nasser 2 has shown that the final steady-state cation distribution is not antisymmetric, but, rather, it is completely nonsymmetric. Numerical results show that the cation distribution along the sample starts from an antisymmetric solution, but it then becomes nonsymmetric as the cations of the clusters in the anode boundary layer are depleted.
Approximate solution with one time scale
Ignoring small terms in Eqs. ͑31͒-͑33͒ we obtain the following expression: 2
This equation provides a natural length scale ᐉ defined by ͑45͒, and a natural time scale given by
The final ͑equilibrium͒ length of the anode boundary layer that is completely depleted of its cations is given by
Nemat-Nasser 2 shows that the final ͑equilibrium͒ cation concentration, the electric field, and the electric potential within the anode boundary layer, −h Ͻ x ഛ −h + ᐉЈ, are given by 
Similarly, in the cathode boundary layer, −h + ᐉЈ Ͻ x ഛ h, Nemat-Nasser 2 has obtained
where E 0 , A 0 , B 0 ,B 1 , and B 2 are the integration constants, to be fixed using the boundary and continuity conditions, leading to the following expressions:
where a ϵ h / ᐉ and aЈ ϵ hЈ / ᐉ are generally very small. Using this fact, the above constants are obtained from the following boundary conditions:
As an example, the equilibrium charge distribution across the Nafion-based IPMC in Li + -form with water as the solvent, under a dc electric potential 0 = 1.25 V and after 300 s, using the approximate solution ͑ignoring small terms͒ is shown in Fig. 19 . This distribution is attained gradually over time. Thus, it is necessary to also estimate the temporal charge variation. Nemat-Nasser 2 shows that, with good accuracy, the ͑equilibrium͒ spatial variation of the charge distribution can be modified to include the temporal effect using the following form:
Approximate solution with two time scales
The approximate solution with one time scale can be improved by introducing a second time scale. To this end, we start with the basic Eq. ͑46͒ and assume that the solution is antisymmetric in a period less than, say, 1 , given by where, in view of the boundary conditions ͑54͒, we also have
Now, we assume that for times greater than 1 , the anode boundary layer growth is governed by
where the function 0 Ј͑t͒ is chosen to have the following form:
based on the numerical results and experimental observations. Then, the final solution becomes
where B 0 ͑t͒, B 1 ͑t͒, and B 2 ͑t͒ are time-dependent parameters resulting from the spatial integration of the basic equations. The results of the accumulated charge in the cathode boundary layer for various approaches are presented and compared with the experimental results in Fig. 20 . As is seen, the numerical results and the results of the approximate solution with two time scales nicely fit the experimental data. We used 1 = 0.25 s and 2 = 6 s in the two-time-scale approach to obtain the results shown in Fig. 20 .
C. Boundary layers
As stated, the application of an electric potential produces two thin boundary layers, one near the anode and the other near the cathode electrodes, while maintaining the overall electric neutrality in the IPMC strip. The cation imbalance within the clusters of each boundary layer changes the osmotic, electrostatic, and elastic forces that tend to expand or contract the corresponding clusters, forcing the solvents out of or into the clusters, and produces the bending motion of the cantilever. Therefore, in this model, the volume fraction of the solvent within each boundary layer is assumed to be controlled by the effective pressure in the corresponding clusters produced by the osmotic, electrostatic, and elastic forces. These forces cause the cathode boundary layer to contract during the back relaxation, expelling the extra solvents onto the IPMC's surface, while cations continue to accumulate within the cathode boundary layer. This, in fact, is what we have observed in open air during the very slow back relaxation of IPMCs that are solvated with ethylene glycol and, particularly, with glycerol.
Anode boundary layer
At equilibrium state, the total effective anode boundary layer length L A is given by
The normalized total ion ͑cation and anion͒ concentration within each boundary layer is ͑x,t͒ = C͑x,t͒ C − + 1. ͑60͒
The osmotic pressure then is
As the anode boundary layer is being depleted of its cations, electrostatic interaction forces develop among the remaining fixed anions, introducing an additional pressure, say, p AA , within the cluster, while at the same time, the dipole-dipole interaction forces, p ADD , are being diminished. The two effects are coupled, since the cation distribution within a cluster would depend on its concentration. Nemat-Nasser 2 has simplified the required analysis by assuming that the two effects are uncoupled. We follow the same approach here to calculate p AA , arriving at
where ͑x , t͒ is the effective electric permittivity of the clusters and R 0 is the initial ͑dry͒ cluster size; for the definition and derivation of various parameters, see Nemat-Nasser. 2 Similarly, the corresponding p ADD is estimated from FIG. 20 . Comparison between various approaches for the solution of cation transport over time; Nafion-based IPMC in Li + -form with water as solvent; 1.25 V dc electric potential.
The total pressure within a typical anode boundary layer cluster hence is p c ͑x,t͒ = ⌸͑x,t͒ + p AA ͑x,t͒ + p ADD ͑x,t͒. ͑64͒
Cathode boundary layer
Consider now the clusters within the cathode boundary layer. Unlike the anode boundary layer, the clusters in the cathode boundary layer are filled with additional cations. The distribution of cations inside the cathode boundary layer is not uniform. The normalized total ion concentration and the osmotic pressure within the cathode boundary layer are defined by ͑60͒ and ͑61͒.
In the cathode boundary layer, we identify two forms of electrostatic interaction forces. One is repulsion due to the cation-anion pseudodipoles already present in the clusters, and the other is due to the extra cations that migrate into the clusters and interact with the existing pseudodipoles. The additional stresses produced by this latter effect may tend to expand or contract the clusters, depending on the distribution of cations relative to fixed anions. We again model each effect separately, although in actuality they are coupled. The dipole-dipole interaction pressure in the cathode boundary layer clusters is estimated as follows
We represent the interaction between the preexisting dipoles and the additional cations that move into a cluster under the action of an applied voltage, by dipole-cation interaction stresses defined by
For sulfonates in Nafion-based IPMCs, we expect extensive restructuring and redistribution of the extra cations. It appears that this process underpins the observed reverse relaxation of the Nafion-based IPMC strip. In fact, this redistribution of the cations within clusters in the cathode boundary layer may quickly diminish the value of p DC to zero or even render it negative. To represent this, Eq. ͑66͒ is modified by a relaxation factor g 1 ͑t͒ and rewritten as
where Ј is the relaxation time and r 0 is the equilibrium fraction of the dipole-cation interaction forces. In this approximation, r 0 can be negative, since under the action of additional cations within a cluster, a rearrangement in the effective polarity of the dipoles can be induced. In the case of ethylene glycol and glycerol, r 0 is negative; see Tables  VII-IX. The total pressure inside the cathode boundary layer cluster hence is p c ͑x,t͒ = ⌸͑x,t͒ + p DC ͑x,t͒ + p CDD ͑x,t͒. ͑68͒
D. Variation in solvent uptake
Pressure inside the clusters within the backbone ionomer,p c ͑x , t͒, is resisted by the elastic stress r at the cluster boundary a 0 :
͑69͒
As a result, the net pressure t c on the solvent inside the cluster can be defined as t c ͑x,t͒ = − r ͑a 0 ,t͒ + p c ͑x,t͒, ͑70͒
where ͑64͒ and ͑68͒ define the corresponding p c ͑x , t͒. The ion flux must satisfy continuity equation ͑22͒. For the solvent, we have
The solvent exchange in the clusters should be calculated using the diffusion equation and the initial boundary conditions. Since the anode boundary layer is rather thin, we may assume a uniform w͑x , t͒ and t c across this boundary layer. So in the anode and cathode boundary layers, ͑71͒ is approximated by
where D BL is introduced to include the effect of the anode and cathode boundary layer thickness in hydraulic permeability. We have assumed that this value is constant across the anode and cathode boundary layers.
E. Response upon shorting
Shorting refers to the state when the electric potential is removed and the two faces of the sample are electrically connected. In this case, experiments suggest that some cations transport relatively rapidly into the cation-depleted anode boundary layer, while a fraction of cations within the cation-rich cathode boundary layer transports back into the interior of the IPMC. The remaining extra cations in the cathode boundary layer then move slowly out into the interior region until the equilibrium condition ͑a uniform charge distribution͒ is eventually achieved; this may take a rather long time depending on the cations and the nature of the solvent. To model this phase of the actuation, it is assumed that the equations governing the discharge process are similar to those of the charging process, but now we start with a set of initial conditions that characterize the state just prior to shorting.
Assume that the shorting occurs at t = T S . We assume that, upon shorting, there is a diffusion of the excess cations from the cathode boundary layer into the interior of the membrane, while cations diffuse back into the anode bound-ary layer. Eventually this leads to a uniform distribution throughout the membrane's thickness. Thus, in the anode boundary layer we have, for t ജ T S ,
The above equations are obtained by simply assuming that the discharge is the reverse of the charging process, although in reality the various involved processes are coupled. In the cathode boundary layer, for t ജ T S , we set
where g 1 ͑t͒ is given in ͑67͒.
As an example, we summarize the procedure that has been followed to model a Nafion-based IPMC sample in Na + -form with water as the solvent, and subjected to 1.25 V dc potential. Values of a 1 and a 2 are obtained from the stiffness model. The parameter R 0 must be calculated with some care. Since w I Ϸ͑a I / R 0 ͒ 3 , where w I is the initial volume fraction of the solvent in the Nafion part of the IPMC and a I is the cluster size at solvent uptake w I , we may set R 0 Ϸ w I −1/3 a I . The cluster size a I is estimated from the Gierke cluster size model, 16 as modified by Li and Nemat-Nasser; 17 a summary is given in the Appendix. Guided by that model, a cluster size, a I = 1.65 nm, is assumed to exist prior to the application of the potential. Table VI gives the values of various parameters used for the purpose of modeling the actuation response. As discussed earlier, two different time steps are used to reduce the simulation time as noted in Table  VI . The free parameters r 0 , Ј, D, and D BL are chosen to fit the data. Depending on the solvent and the cation, both D and D BL are expected to decrease with increasing viscosity of the solvent, as they actually do. The measured capacitance also varies over a range even for the same solvent and cation. Thus it may be adjusted to within a reasonable range to fit the data. Figure 21͑a͒ shows the charge transfer over time for the strip of Nafion-based IPMC in Na + -form with water, subjected to a 1.25 V step potential for 46.7 s and then shorted. In the figure, the heavy solid curve represents the model and the geometric symbols connected by a solid curve represent the experimental results. The model in this case predicts faster charge transfer than that observed experimentally, as is seen in Fig. 21͑a͒ . Figure 21͑b͒ shows the corresponding variation of the normalized curvature with time.
The same procedure is used to model Nafion-based IP-MCs in other cation forms with other solvents. 6 For solvents such as glycerol or crown ethers, the sensitivity of our measurement devices was insufficient to discern in certain cases the necessary signals from that of the background noise. So for the purpose of modeling, a value within the measured range is used for the effective capacitance. Tables VII-IX represent various values of the model parameters for Nafionbased IPMCs with indicated cations and solvents. The corresponding actuation graphs are given in Figs. 22-32.
V. SUMMARY AND CONCLUSIONS
Both the initial relatively fast motion and the subsequent relaxation of Nafion-based IPMCs have been modeled based on the nanoscale mechanisms proposed by Nemat-Nasser. 2 Remarkably, the model correctly produces both qualitatively and, with reasonable accuracy, quantitatively all observed, rather peculiar, behaviors of this class of soft actuators. First, the stiffness of the bare ionomer and the corresponding IPMC are modeled for each cation form and various degrees of solvation, identifying and evaluating several microstructural parameters that are also necessary for the modeling of the corresponding actuation.
To model the actuation, we assumed that the application of an electric potential produces two boundary layers, one near the anode and the other near the cathode electrodes. As a result, the clusters in the anode boundary layer are gradually depleted of their cations, while those in the cathode boundary layer are gradually supplied with additional cations. Under the influence of these extra cations and because of the strong acidity of the sulfonates, there is a redistribution of the cations within the clusters in the cathode boundary layer that occurs at a rate defined by a time scale Ј. This modifies the effective dipole-cation interaction forces, thereby contributing to the back relaxation.
To model the distribution of the cations over the thickness of the IPMC as a function of time, the Nernst equation is used to represent the cation flux. The electrostatics equations are used to account for the electric field within the membrane, and the continuity equations and the necessary boundary conditions are used to ensure charge conservation and consistency with the imposed boundary data.
The cation imbalance within the clusters ͑but not the IPMC͒ changes the osmotic, electrostatic, and elastic forces that tend to expand or contract the corresponding clusters, forcing the solvents out of or into the clusters, and produces the bending motion of the cantilever. Therefore, in this model, the volume fraction of the solvent within each boundary layer is assumed to be controlled by the effective pressure in the corresponding clusters produced by the osmotic, electrostatic, and elastic forces. These forces cause the cathode boundary layer to contract during the back relaxation, expelling the extra solvents onto the IPMC's surface while cations continue to accumulate within the cathode boundary layer. This has been actually observed during the very slow back relaxation of IPMCs that are solvated with ethylene glycol and, particularly, with glycerol. The coupled equations are solved incrementally. At each step the effective pressures in the anode and cathode clusters are calculated. Then, using the rate form of the continuity equation for the solvent and a linear diffusion equation, the changes in the volume fraction of the solvent in the anode and cathode boundary layers are calculated together with the resulting volumetric strains and hence the increment of the induced bending curvature. The calculations also take into account the dependence of the stiffness of the IPMC on the volume fraction of the solvent that varies along the thickness and in time. To simplify the modeling, this variation is first fitted to a simple power law that closely follows both the measured and modeled values of the stiffness. While this is not necessary, it does lead to a stable numerical calculation procedure.
Based on the model and comparison with the experimental results, the following overall observations are made: ͑i͒ The neutralizing cations, the nature and the degree of saturation of the solvent, the electrode morphology, and the chemical structure and characteristics of the backbone polymer are all important parameters that affect the electricalchemical-mechanical response of IPMCs, both quantitatively and qualitatively. IPMCs with heavier and more viscous solvents have slower actuations, higher solvent uptakes, smaller stiffness at fully solvated states, and lower overall capacitance. ͑ii͒ The basic mechanism of the IPMC actuation is governed by the cation transport, which creates imbalance in Figs. 21͑a͒ and 28͑a͒ suggest the continued depletion of cations from the anode and accumulation into the cathode boundary layers long after the initial fast motion and way into the period of back relaxation of the cantilever that is actuated by a dc voltage. ͑iv͒ Once equilibrium is reached, most of the clusters in the anode boundary layer are completely depleted of their cations and those in the cathode boundary layer are rich with additional cations. ͑v͒ Initially, the variation of the cation density in the cathode and anode boundary layers is centrally symmetric, but once the clusters near the electrodes in the anode boundary layer are depleted of their cations, the length of the anode boundary layer increases as cations move out of its clusters, while cations are added to the clusters in the cathode boundary layer. ͑vi͒ For a fully solvated IPMC membrane, the equilibrium distribution of the cations and the internal potential that develops under the action of an applied step potential of magnitude 0 depend on the effective permittivity , the ionomer thickness h, the concentration of the anions C − , and the magnitude of the applied potential 0 . ͑vii͒ The effective length of the anode boundary layer at equilibrium is given by
This has been established by Nemat-Nasser 2 using an approximate analytical estimate and is confirmed by our numerical solution. ͑viii͒ Nafion-based IPMCs with alkali metals have relatively late and long back relaxation when solvated with ethylene glycol and glycerol; this is true even for Nafion-based IPMCs in Li + -form that show minimal back relaxation when hydrated. ͑ix͒ Nafion-based IPMCs that are neutralized with alkali metals show remarkably different responses when solvated with crown ethers. In Li + -form with 12-Crown-4, the response under a dc potential involves extensive but slow back relaxation, whereas in Na + -form with 15-Crown-5, it shows very little back relaxation and, most interestingly, in K + -form with 18-Crown-6, there is no back relaxation at all. Moreover, the sample in Na + -form with 18-Crown-6 shows extensive back relaxation, whereas in K + -form with 15-Crown-5, there is some back relaxation towards the cathode, but this is then reversed and the sample relaxes back towards the anode while still under the dc potential. ͑x͒ The variation of the response from sample to sample ͑or even for the same sample tested at various times͒ is often so great that only an approximate quantitative correspondence between the theoretical predictions and the ex- perimental results should be expected, or reasonably required. Nevertheless, the model seems to correctly produce, both qualitatively and, with reasonable accuracy, quantitatively, all the observed responses of these IPMCs. ͑xi͒ To apply high electric potentials without electrolysis, IPMCs with other solvents such as ethylene glycol, glycerol, and crown ether solutions can be used. This enables actuating a strip of an IPMC in open air for rather long time periods, and/or at low temperatures. ͑xii͒ To maximize the normalized curvature of a cantilevered strip with its bending stiffness held fixed, it is necessary to maximize the effective capacitance and surface conductivity of the IPMC. Figure 33 shows the variation of the cluster size ͑a I 3 in nm 3 ͒ for different solvent uptakes. Data from Nafion-based IPMC samples with different cations and different solvent uptakes are considered. The model is compared with the experimental results on the cluster size based on x-ray scanning, shown as circles in Fig. 33 for a Nafion ionomer in various cation forms and with water as solvent. 18 We have set ␤ = 1.547, ␥ = 0.15, and V i =68ϫ 10 −24 cm 3 to calculate the cluster size. 19 As can be seen from Fig. 33 , cluster size varies linearly with for different solvents and cation forms. For the Nafion membrane treated with various other considered solvents, we have used the physical properties of the sample prior to the application of a potential and have estimated the cluster size that is needed for modeling the corresponding IPMC actuation.
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